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o : 

■ We suggest simple models which produce the suitable fermion mass hierarchies and 
(N ■ flavor mixing angles based on the 6 dimensional A'' = 1 supersymmetric 50(10) grand 

^ I unified theory compactified on a T^/{Z2 x Z2) orbifold. We introduce extra vector-like 

5^ . heavy fields in the extra dimensions, and the suitable fermion mass hierarchies and flavor 

' mixings are generated by integrating out these heavy fields. We consider gaugino mediation 
and gauge mediation supersymmetry breaking mechanisms and their flavor structures. The 

On , experimental constraints of small flavor changing neutral currents suggest where to locate 

0^ ■ the supersymmetry breaking brane in the gaugino mediation mechanism. On the other hand, 
the SUSY breaking masses are highly degenerated in the gauge mediation scenario, where the 

' flavor changing neutral currents are naturally suppressed as in the ordinal four dimensional 

^ , gauge mediation models. 
^ . 
^ ■ 

^ ' SI. Introduction 

o: 
^ . 

, Grand unified theories (GUTs) are very attractive models in which the three 

O I gauge groups are unified at a high energy scale. However, one of the most serious 

• problems to construct a model of GUTs is how to realize the mass splitting between 

the triplet and the doublet Higgs particles in the Higgs sector. This problem is 
Q^l so-called triplet-doublet (TD) splitting problem. A new idea for solving the TD 

splitting problem has been suggested in higher dimensional GUTs where the extra 
dimensional coordinates are compactified on orbifolds.S^'^^ In these scenarios, Higgs 
. I and gauge fields are propagating in extra dimensions, and the orbifolding realizes the 

^ ■ gauge group reduction and the TD splitting since the doublet (triplet) Higgs fields 

have (not) Kaluza-Klein zero-modes. A lot of atternpts and progresses have been 
done in the extra dimensional GUTs on orbifolds.B^Hnl' Especially, the reduction of 
5*0 (10) gauge symmetry and the TD splitting solution are first considered in 6D 
models in Refs. P). 

As for producing fermion mass hie rarch ies s evera l trials have been done in the 
extra dimensional GUTs on orbifolds.i)0)|il)[i)0)|lilliEi) The model in Ref. llOD can 



induce the natural fermion mass hierarchies and flavor mixings based on a 6D N = 1 
SUSY ((1,0)-SUSY) 50(10) GUT where the 5th and 6th dimensional coordinates 
are compactified on a T'^/Z2 orbifold. In this scenario, we introduce extra vector-like 
generations, 2x (V'164+^At67) ^^^d (tpiGs+'^JS^), which propagate 6 and 5 dimensions, 
respectively. Assuming that 4th (5th) generation vector-like fields only couple to the 
1st (2nd) generation chiral fields, the suitable fermion mass hierarchies and fiavor 
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mixings are generated by integrating out these vector-like heavy fields. The mixing 
angles between the chiral fields and extra generations have been determined by the 
volume suppression factors. The extension of this model has been considered in 
Ref. ^) where the values of me, rrid, Vus, and Ves have been improved by extending 
the vector- like extra generations and their configurations in the extra dimensions. 
However, there is a difficulty in this scenario. That is the lack of 5D fixed lines, 
which can not guarantee (^"165 + V'lei") existing only in 5 dimensions, not spreading 
in 6 dimensions***. 1—11—1 

In this paper we will modify previous paperaly^UlP by using the orbifold, T2/ {Z2 x 
Z2), and also consider the SUSY breaking mechanism. We will consider the 6D 
= 1 SO{W) GUT with vector-like matter contents on T2/{Z2 x Z2). As will be 
shown bellow, this modification makes no changes for the zero mode matter fields 
in Refs. |lO|)|ll[), so that the mechanism of creating the fermion mass hierarchies in 
the previous papers are useful. The gauge symmetry reduction and the TD splitting 
are also the same as those in the T2/Z2 orbifold. The gauge and Higgs fields live in 
6 dimensions and the orbifolding and boundary conditions make the S'O(IO) gauge 
group be broken to 5'C/(3)c x SU {2)l x U{1)y x U{l)x and realize the TD splitting. 

As for the SUSY breaking mechanisms, we will consider the gaugino and the 
gauge mediation scenarios. In the gaugino mediation scenario, the vector-like matter 
fields in extra dimensions can directly couple to the SUSY breaking fields, which 
induces non-universal contributions to SUSY breaking masses for the light matter 
fields. These non-universal SUSY breaking masses can give rise to too large flavor 
changing neutral currents (FCNCs). Thus, the location of the SUSY breaking brane 
should be determined in order to avoid the large FCNC phenomenological problems 
in the gaugino mediation scenario. On the other hand, the SUSY breaking masses 
for the light matter fields are highly degenerated in the gauge mediation scenario, 
where the FCNCs are naturally suppressed as in the ordinal 4D gauge mediation 
models. 

§2. Fermion mass hierarchies and flavor mixings 

We consider the 6D = 1 SUSY S'0( 10) GUT^jSdiose extra dimensional 
coordinates are compactified on a T'^ /{Z2 x Z'2) orbifold. □^IIS* The structure of extra 
2D spaces are characterized by reflection P {Z2), P' {Z2), and translations Tj 
{i = 1,2). Under the reflection P and P' , {z,z) is transformed into {—z,z) and 
(z, —z), respectively. Where z = (xs +ixe)/2 and z = (xs — ixQ)/2 with the physical 
space of < x^jXq < ttR. Under the translation Ti and T2, {z,z) are transformed 
into (z -|- 2ttRz,z) and {z,z + 2ttRz), respectively, where i?^ = (1 -|- i)R/2 and 
i?g = (1 — i)R/2. The physical space can be taken as < 2: < ttRz and < z < ttRz- 
Thus, the T2/{Z2 x Z'2) orbifold is just the same as the S1/Z2 ® S1/Z2 orbifold 
of a regular square. There are four fixed points at (0,0), (vriJ^jO), (0,7ri?j) and 
{ttRzjTtRz), and two fixed lines on z = and z = on the orbifold. The bulk fields 
are decomposed by P, P', and Tj. For examples, a 6D bulk scalar field <P{x^, z, z) is 
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decomposed into 

^(±±)(±±)(2;'',^;,^) = ;^(/'(±±)^(±±)^-(x'')v3(±±)^(z)V3(±±)^-(z), (2-1) 

according to the eigenvalues of (P, ri)(P', Tz) (= {P,Ti)^ ® {P',T2)z). Where Rc = 
\Rz\{= \Rz\)- Notice that only ^(^_^)(^_^) can have massless zero-modes and survives 
in the low energy. 

We consider the gauge multiplet and two 10 representation Higgs multiplets 
propagate in the 6D bulk, which are denoted as Hio and H'^^q, and the ordinal three- 
generation matter multiplets (16j, i = 1,2,3) are localized on the 4D brane, (0,0). 
We adopted the translations as T^i = 02® H and T^iy = diag.{l, 1,1^ — 1, — 1), 
which commute with the^enerators of the Georgij^Glashow SU{5) x U{l)x^ and the 
flipped SU{5y x [/(1)^E3) groups, respectively.B^H-' Then, translations (Tj) make the 
50(10) gauge group be broken to SU{3)c x SU{2)l x C/(l)y x U{l)x and realize 
the TD splitting since the doublet (triplet) Higgs fields have (not) Kaluza-Klein 
zero- modes. 

The zero mode of the 6D bulk matter field, V'i6(+±)(+±)' classified into four 
types as 

V'i6(++)(++) (zero mode) = Q, 
■0i6(++)(+-) (zero modes) = [/, 
^i6(+-)(++) (zero modes) = D,N, 

tpi6(^ )(H ) (zero mode) = L. (2-2) 

Similarly, the zero mode of the 5D bulk field, which is propagating on the fixed line 
z = 0, is classified into 

V'i6(++) (zero mode) =Q,U,E, 

V'i6(H ) (zero mode) = L, D, A'', (2-3) 

where the 2nd it sign represents the Ti parity. 

(1). Model 

Now let us discuss how to generate fermion mass hierarchies and fiavor mixings in 
three models.llJ)|llF In three models, the 4D brand-localized Higgs fields, i^ie and 
Hjg, are introduced at (0,0), which are assumed to take vacuum expectation values 
(VEVs) of 0(10^^) GeV in the directions of B — L. We also impose the Peccei-Quinn 
symmetry and its charge on the multiplets: all matter multiplets have its charge 1, 
10 representation Higgs multiplets have its charge —2, and 16 and 16 representation 
Higgs multiplets have its charge —1. The superpotential of the Yukawa sector on the 
brane at (0, 0) is given by 

Wy = 1 ^Hiol6a6, + ^H'iol6a6, | <5(z)<^(z), (2-4) 
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in which is a ultraviolet cut-off scale of O{10^^) GeV. The index i,j = 1 ~ 3 
shows the generation numbers. We consider all components of the Yukawa couplings 
in Eq.( |2-4| ) are of order one. 

As for the bulk matter fields, we introduced 5D bulk fields on z = 0, (V'i6(++)> '0i6(_ 

('*>'^(++) ' ^^'T6{ h))' '^'^ich contains 10 + 10 of SU{5) as the zero modes, which are 

regarded as the 5th generation fields denoted by Vies + V'165 " "^^^ bulk fields 
have the non-chiral structures since the 5D = 1 SUSY corresponds to the 4D 
N = 2 SUSY. We assume that the 5th generation fields interact only with the 
2nd generation matter fields. In 6D bulk, we introduce 6D bulk vector-like fields, 

(V'l6(++)(++),V'l6(_+)(++)) + (V'T6(++)(-+)>V'T6(-+)(-+))' (V'l6(_+)(++),V'l6(++)(++)) + 

(V'T6(-+)(-+)'V^(++)(-+))and (V'le (++)(+_), V'i6f:+)(+_)) +(V'T6 (++)(—)' V^(^)(—) 
(V'i6(_+)(+_), V'i6(++)(+_)) + (V'T6(-+)(— )> ))> which contains 10 + 10 of 

SU{5) as the zero modes, which are regarded as the 4th generation fields denoted 
by ^^164 + ^^164 and ^^'164 + ^164' respectively. We assume that the 4th generation 
fields interact with only the 1st generation matter fields. 



Then, in addition to the superpotential in Eq.(2-4), the following interactions 



between the chiral and extra generation fields on the 4D brane, (0,0), 



' „, a,' 



+||V'i6.V>T6. + t5^162Vt6. I Si^)m- (2-5) 

Where we assume that the vector-like masses which mix the 4th and the 5th gener- 
ations are forbidden by the fundamental theory. Bellow the compactification scale. 



the interactions in Eq.(2-5) induce the mass terms for the Kaluza-Klein zero- modes 



of vector-like matter fields as, 
,2 



+4 [q^QP + U^'^UP + Er^EP) + (Q,gf + + E-,Er^) } ,(2-6) 

where {Hiq) = {Hj^) = vn- e^s are the volume suppression factors which are given 
by 



ei = e2 = l/y/^RjU. (2-7) 

These volume suppression factors play crucial roles for generating the fermion mass 
matrices in the low energyQ Now we set 1/Rc = 0(10^^) GeV, which means ~ 
~ 0.04, where A is the Cabibbo angle, A ~ 0.2. 
After integrating out the heavy fields, the model gives the following mass matri- 
ces in the up quark sector, the down quark sector, and the charged lepton sector ,113) 

^ The zero modes of the 4th and 5th generation fields have vector-hke masses of efvjf/M, and 
€^v%/Mt,, respectively. Since these zero modes form SU{5) multiples, we can expect that the gauge 
coupling unification is not spoiled. 



Fermion Mass Hierarchy and Supersymmetry Breaking in 6D SO{10) GUT on Orbifol(5 



/ A8 A6 \ / A^ A^ AM / A^ A2 1 

~ A^ A^ A2 U, ~ A^ A^ A^ U, ~ A^ A^ 1 | v, 
V A^ A2 1 / \ 1 1 1 / \ A^ A2 1 

(2-8) 

respectively, v and v are the vacuum expectation values of the weak Higgs doublets. 
We write the mass matrices in the basis that the left-handed fermions are to the left 
and the right-handed fermions are to the right. We notice that all elements in the 
mass matrices have 0(1) coefficients. The fermion mass hierarchies are given by 

mt:mc:mu^l:X'^:X^, (2-9) 
ruf) : rus ■ md — rrir : : rrie — 1 : A'^ : A^ , (2' 10) 

with the large tan^. The mass matrix of three light neutrinos m^f^ through the 
see-saw mechanismcJ^ is given by 

(]\ m,, m,, I \ V , . 

m« ~ -^J^ - I 1 1 1 I — • (2-11) 

Mji is about 10^^ GeV induced from the interaction 




yN. 

Wmj, = -^H-^H-^16il6jS{z)5{z) (2-12) 



at (0,0). We can obtain the suitable mass scale (0(10 ^) eV) for the atmospheric 
neutrino oscillation experiments, by taking account of the_jS'O(10) relation, y„ ~ y^. 



As for the flavor mixings, the CKMc^ and the MNScZP matrices are given by 

/ 1 A2 AM / 1 1 1 \ 

VcKM ^ A2 1 A2 , Vmns ^{ I 1 1 ■ (2-13) 
\ A4 A2 1 / \ 1 1 1 / 

which realize the suitable flavor mixings roughly in order of magnitudes. They give 
us a natural explanation why the flavor mixing in the quark sector is small while 
the flavor mixing in the lepton sector is large.® However, they suggest too 
small Cabibbo angle and too large Ves- For the suitable values of them, we need 
suitable choice of 0(1) coefficients in mass matrices as in Ref. ^). Or, if 0(1) 
coefficients are not determined by a specific reason (symmetry) in the fundamental 
theory, it is meaningful to see the rnost probable hierarchies and mixing angles by 
considering random 0(1) coefficients. Anyway, if the fermion mass hierarchies and 
flavor mixing angles should determined from the fundamental theory in order (power 
of A) not by tunings of 0(1) coefficients, we should modify this scenario. We show 
two examples of the modifications below. 

(2). Model I 

In the first modification, which we call Model I, we introduce the additional vector- 
like 5D bulk matter fields, which are ipie_ + V'le- = ^164 + ^164" '^^^y called 
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as the 4th generation fields and assumed to interact with only the 1st generation. 
Their PQ charge is 1 as the other matter fields. In this case the following terms are 



added to Eq. (|2-5D 



2/44 -,// /.// I ^24 



When 1/Rc = OCiD^^) GeV, which means ei ~ €2 ~ A^, the fermion mass matrices 
in the low energjS) are given by 



A8 


A6 


A^ 


A6 


A^ 


A2 


A^ 


A2 


1 


A6 


A^ 


A2 


A4 


A2 


1 


A4 


A2 


1 




m[c^ A^ A2 1 \v, ~ I A^ 1 1 1 -— , (2-15) 



after integrating out the heavy vector- like fields. They induce the more realistic 
fermion mass hierarchies as 

Txit : rric : m„ ~ 1 : A^ : A^ , 

m\j : rus ■ ~ rrir : : rrie ~ 1 : A'^ : A^ , (2T6) 

with large tan p. As for the neutrino sector, the rank of 2 x 2 sub-matrix in the 
2nd and the 3rd generations in m^^ should be reduced, and the light eigenvalue of 
this sub-matrix should be of O(A^) for the LMA solar neutrino solution. This case 
induce the hierarchical type of neutrino mass, m\,m2 <C m^S^ Then, the CKM and 
the MNS matrices become 

/ 1 A2 AM / I/V2 A2 \ 

VcKM ^\ \^ 1 A2 , Vmns - 1/2 -1/2 I/V2 , (2-17) 
V A^ a2 1 / \ -1/2 1/2 1/^2 / 

where the MNS matrix has the large 1-2 and 2-3 mixings because of the assumption 
of the rank reduction. This case induce small value of ?7e3- The CKM matrix has 
the same structure as in the Model 0. Needless to say, the suitable Vus can be easily 
obtained by choosing the 0(1) coefficients. 

(3). Model II 

Here let us show the second modification, which we call Model We introduce the 

following bulk matter fields with PQ charge 1 in addition to the Model 0: V'le \- + 

= V'i'64 + ^'-^^ and + = iPl'^^ + i;^^ (we call them the 4th 

generation fields) which propagate in the 6D bulk and interact with only the 1st 
generation matter multiplet, V'le- + V'le- = V'les ~'~ ^Te ^^^^ them the 5th 

generation fields) which propagate in the 5D bulk (z = 0) and interact with only the 
2nd generation matter multiplet, Vie- + V'le- = V'lee + V'leg ^^^^ them the 6th 
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generation fields) which propagate in the 5D bulk (z = 0) and interact with only 
the 3rd generation matter multiplet. In this case, the following terms are added to 
Eq-dH), 

+ lilies V'k + + SV'ieeVTee + -^,16,^] S{z)6{-z){2-l8) 



Mt'^ ^^^^ " m: 

When 1/Rc = 0(10^^) GeV, which means ei ~ e2 ~ A^, the fermion mass matrices 
bellow the compactification scale become 

AS A6 A^ \ / A^ A^ A^ \ 

m!,~ I A6 A^ A2 U, ~ AM A^ A^ A^ v, 
A^ A2 1 / V A2 1 1 / 

A6 A^ A2 \ / A4 a2 a2 \ 2 

mi~ A2 I A^ A2 1 V, m« ~ AM A^ 1 1 (2-19) 



A^ A2 1 / V A2 1 1 



Mr 



The forms of these mass matrices are the same as those of the first case of Model 
I except for the overall factors. Thus the suitable fermion mass hierarchies of the 
quark and the charged lepton sectors are the same as Eq.( |2-16| ). The flavor mixing 
matrices, Vckm and Vmns, are also the same as those of the first case of Model I. 
The different between this model and the first case of Model I exists just in the value 
of tan /5. This model shows the small tan /3 of tan /3 ~ ^^j^'' ~ 1- The discussion of 
neutrino mass hierarchy and the flavor mixings are also the same as the first case of 
Model 1. 

§3. SUSY breaking and flavor mixings 

Now let us discuss how to induce soft SUSY breaking terms in our model. 
We consider the gaugino and the gauge mediation scenarios in Model 0— II. The 
soft SUSY breaking terms for the matter fields depend on the two SUSY breaking 
scenarios and bulk matter configurations in the extra dimension. 

(1). Model 

As for the gaugino mediation scenario,© SUSY is broken at a spatially different 
place from our living brane, (0,0), in extra dimensions. In our 6D theory, there are 
three fixed points where we can put a SUSY breaking field, S = Since the 

gauge multiplets live in the 6D bulk, the gauginos receive the SUSY breaking masses 
through a direct interaction with S. When S is located at the fixed point (7ri?2,0), 
it is possible to write an interaction as, 

£ = -L y dzdz j d^eSWfWia5{z - ttRz)5{z). (3-1) 
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This interaction gives rise to the gaugino masses as Mg^ = e\F/M^ = effn. The 
cases of S at other fixed points can be considered in the same way. Since the chiral 
matter fields 16j are locahzed on the 4D brane (0,0), they do not couple directly to 
S. Thus, 16j receive SUSY breaking masses only through the renormalization effect 
of the gaugino masses. On the other hand, the 6D bulk matter fields can have the 
direct coupling to S as 

^ = W / "^^^^ / "^'^^^^ (V'l64V'i64 + i^'leAe, + V'le.VTe^ + V'^g^V'^) " ^^M'^) 
This induces the SUSY breaking mass to the zero-modes of the 6D matter fields as 

A 9/~(0)i~(0) ~(0)t~(0) ~(0)t~(0) ~(o)t~(o) ~{0)t~(0) ~(0)t~(0) 



at the compactification scale. The 5D bulk matter fields can also have the direct 
coupling with S as 

^^wj "^^"^^ I '^^^^^^ (^165^165 + ^le.V'Tes) '^(^ - vri?.)5(^), (3-4) 
which induces the SUSY breaking for the zero modes as 

After integrating out the vector-like heavy fields, the soft SUSY breaking mass terms 
of the light matter fields become 

= I I m| = I | , (3-6) 



where 10 = {Q,U,E) and 5 = {D,L). They are soft masses around the compact- 
ification scale. Due to quantum corrections from the compactification scale to the 
electroweak scale, additional SUSY breaking masses of order the gaugino masses are 
added into the diagonal elements of Eq. (|3-6| ). These soft SUSY breaking masses, 
however, are not phenomenologically acceptable. That is because, when we take the 
gaugino masses, Mg^ = elm, as O(IO^) GeV, Eq.( p-6[ ) suggests (^^0)22 = O(IO^) 
TeV. Such a heavy soft mass induces the color instability, that is negative mass 
squared of the stop through the 2-loop renormalization effects. As for other choices 
of the locations of S, at {0,7rRz) or (vriJ^, vriij), through the interaction in Eq.(3-2) 
the SUSY breaking masses for the light matter fields become 



















(I 























) 




^ 








m|p = I I m^ m| = I I . (3-7) 



The radiative induced masses of order the gaugino masses are added in the diagonal 
elements in Eq.( p-7D . Thus, the mass difference between the first and the second 
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generation left-handed down-type squarks is of order the gaugino mass. Notice that 
the experimental constraint from the K^K mixing is given by 

where m?- = (m?- m?- Y^"^ . In Model 0, the flavor mixing between the first and the 
second generation left-handed down-type squarks is sin0i2 ~ from Eq.(^, and 



(Z\mj) 12 /m| 1. Therefore the large FCNC can be avoided when the gaugino mass 
are > 0(1) TeV with S at (0,7ri?5) or {'kR^.'kR^). 

Next we consider the gauge mediation scenario.L^' We assume that the messenger 
sector is localized on the 4D brane {ttRz , 0) and introduce N pairs of vector- like 
messenger fields, and 5\,j, which are 5 and 5 representations of the 5C/(5) eroup, 
respectively^. A U{1) in the bulk can transmit the SUSY breaking effects.ES^ We 
consider the following superpotential for the messenger sector. 

N 

W = Y,^c.Sh%ib%5{z-^R-M^), (3-9) 

a 

where S = M + 9'^Fs is a spurion superfield, which represents the SUSY breaking. 
We assign the vanishing PQ charge for 5^^, 5^^, and S. The gaugino and sfermion 
masses are induced to the MSSM sector through the SM gauge interactions as 



r 


Fs 




M 



where a(= 1 — 3) represents the gauge groups and Ca{f) is the quadratic Casimir 
for the sfermions. Since the sfermion masses are determined by the gauge quantum 
number, the SUSY breaking masses are the same for the vector-like heavy fields. 
As a result, the SUSY breaking masses for the light matter fields are universal 
around the messenger scale. It is because the vector-like matter fields in the bulk 
do not have the coupling of W = -^S ip\6^ipjQ^^5{z — Rz)5{z) in the superpo- 
tential due to the PQ symmetry in which all matter fields have charge 1. The 
non-universal contribution to the sfermion masses is induced from the interaction, 
j dzdz j d^e S - T^Rz)S{z) ~ ef(^)2Qf^^Qf\ However, such a 

non-universal effect is efi^f ~ 0{W-^^)GeV^ with /F^ = O(IO^) GeV, which 



is negligible compared to the contribution in Eq.(3-10). Thus, the flavor mixing for 



sfermions are naturally suppressed as in the 4D gauge mediation scenario. 



Here we do not specify the dynamical SUSY breaking sector since the mass spectra of the 
MSSM fields do not depend the detail of them. 
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(2). Model I 

In Model I, we consider the gaugino mediation scenario with S being locahzed on the 
4D brane (tt-R^jO) at first. The 6D matter fields obtain the SUSY breaking masses 
as in Eq.( p-3D . For 5D matter fields, ipw^ and ^Ajgg, the SUSY breaking masses are 
induced as in Eq.(|3-5|). In addition, the interaction between V'jg^ S, 

^ = W / "^'"^^ I "^'^^^^ (^164^164 + V'S^V'^gJ S{z - ttRMz), (3-11) 
induces the SUSY breaking terms 

£„» = -.W (p'f'Pf' + S-T'iy'f' + 'iv^f (342) 

~(0)t~(0) ^(O)t^(O) ^{O)t^(O) 

After integrating out the vector-like heavy fields, the soft SUSY breaking masses for 
the light matter fields are given by 








M 




(4 









4 















\ 





1 




^ 





/ 



=1 el I m| = I d \rrf. (3-13) 

They suggest that the above mass spectra suffer from the large FCNC problem as in 
Model 0. For the cases where S is localized on the 4D brane (0, ttRz) or {itRz,ttRz), 
the FCNC problem can be solved with gaugino mass > 0(1) TeV, since e^s vanish in 



Eq.( 3-13 ). These are the same situations as in Model 0. While the gauge mediation 



mechanism works well as in Model 0. 
(3). Model II 

As for the gaugino mediation scenario with S being located at (irRzjO) in Model II, 
the 6D matter fields, ^'164; ^^1645 '^'164' ^164' obtain the SUSY breaking masses 
as in Eq.(|3-3|). For the additional 6D fields, V'164) ^Tg ' '*/'i64' ^ig ' they have a 
direct coupling to S, 

£ = ^ I dzd-z I d'es^s (v^a<4 + i^SA + CI<64 + ^SM) - "^^)'^(^")' (3-14) 

which induces SUSY breaking masses as 

A 9 /— '(O)t— '(0) ^{0)t ^(0) ^(O)t ^(0) 

Aoft = -eW L""\ ''L""1 + D"'l "D"'1 + N"'l ''N"'1 (3-15) 



(0)t~(0) ~(0)t^(0) ^(O)t^(O) 

T mi - - 

4 4 



+L"% L"% +D'% D'\ +N"\ N'" 



On the other hand, the 5D matter fields have the interaction, Eq.( |3-5D . 

^ = wj "^"^'^ j '^^^^'^ (^ikV'ies + V'^e^^^s + V'leeV'iee + ^{^^^,) ^{z - 7rii,)5(z),(3-16) 
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which induces the SUSY breaking masses, 

9 9/~(0)t~(0) ~(0)t~(0) ~(0)t~(0) ^(O)t^(O) ~(0)t~(0) ~(0)t~(0) 



After integrating out the vector-hke heavy fields, the SUSY breaking masses for the 
hght matter fields are given by 

/ 6t \ / 6^ \ 

m2 = el m2 = m^. (3-18) 

These mass spectra also suffer from the phenomenological problem as in Models 
and I. As for the cases where S is localized on the 4D brane (0, ttRz) or (ttRzjItRz), 
the FCNC problem can be avoidable when gaugino mass > 0(1) TeV as in the 
Models and I, since e^s vanish in Eq.( ^-18| ). These are the same situations as in 
Models and I. On the other hand, the gauge mediation in Model II works well as 
in Models and I. 



§4. Summary and Discussion 



In this paper, we have shown three models based on the 6D = 1 SUSY 
5*0(10) GUT where the 5th and 6th dimensional coordinates are compactified on a 
T"^ jiZi X Zg) orbifold. The gauge and Higgs fields live in 6 dimensions while ordinal 
chiral matter fields are localized in 4 dimensions. We have shown briefiy three models 
which can produce the suitable fermion mass hierarchies and flavor mixings. In these 
models, the three-generation chiral matter fields are localized at the 4D wall, and 
the suitable fermion mass hierarchies and fiavor mixings are generated by integrating 
out vector- like heavy generations. 

As for the SUSY breaking mechanisms, we have considered the gaugino and 
the gauge mediation scenarios. In the gaugino mediation scenario, the vector-like 
matter fields in extra dimensions can directly couple to the SUSY breaking fields, 
which induces non-universal contributions to SUSY breaking masses for the light 
matter fields. These non- universal SUSY breaking masses can give rise to too large 
fiavor changing neutral currents (FCNCs). Thus, the location of the SUSY breaking 
brane should be determined in order to avoid the large FCNC phenomenological 
problems in the gaugino mediation scenario. The condition of the gaugino mass 
> 0(1) TeV is also needed. On the other hand, the SUSY breaking masses for the 
light matter fields are highly degenerated in the gauge mediation scenario, where the 
FCNCs are naturally suppressed as in the ordinal 4D gauge mediation models. 

Finally we comment on other SUSY breaking scenarios. The gravity mediation 
scenario gives rise the non-universal corrections to the soft SUSY masses in general. 
It is because the SUSY breaking effects are mediated by "Yukawa" interactions not by 
gauge interactions. The "Yukawa" interactions among the bulk fields always receive 
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the volume suppressions, which violate the ilegeneracy of the soft SUSY breaking 
masses. The Scherk-Schwarz SUSY breakingM*E3) might also give the non-neghgible 
effects of breaking degeneracy, since the first and the second generation fields are 
mainly composed by the bulk fields in our three models. 
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